In this paper the very first geochemical and isotopic data related to surface and spring waters and dissolved gases in the area of Hontomín-Huermeces (Burgos, Spain) are presented and discussed. Hontomín-Huermeces has been selected as a pilot site for the injection of pure (>99%) CO 2 . Injection and monitoring wells are planned to be drilled close to 6 oil wells completed in the 1980s for which detailed stratigraphical logs are available, indicating the presence of a confined saline aquifer at the depth of about 1500 m into which less than 100,000 tons of liquid CO 2 will be injected, possibly starting in 2013.
a b s t r a c t
In this paper the very first geochemical and isotopic data related to surface and spring waters and dissolved gases in the area of Hontomín-Huermeces (Burgos, Spain) are presented and discussed. Hontomín-Huermeces has been selected as a pilot site for the injection of pure (>99%) CO 2 . Injection and monitoring wells are planned to be drilled close to 6 oil wells completed in the 1980s for which detailed stratigraphical logs are available, indicating the presence of a confined saline aquifer at the depth of about 1500 m into which less than 100,000 tons of liquid CO 2 will be injected, possibly starting in 2013.
The chemical and features of the spring waters suggest that they are related to a shallow hydrogeological system as the concentration of the Total Dissolved Solids approaches 800 mg/L with a Ca 2+ (Mg 2+ )-HCO 3 − composition, similar to that of the surface waters. This is also supported by the oxygen and hydrogen isotopic ratios that have values lying between those of the Global and the Mediterranean Meteoric Water Lines. Some spring waters close to the oil wells are characterized by relatively high concentrations of NO 3 − (up to 123 mg/L), unequivocally suggesting an anthropogenic source that adds to the main water-rock interaction processes. The latter can be referred to Ca-Mg-carbonate and, at a minor extent, Al-silicate dissolution, being the outcropping sedimentary rocks characterized by Palaeozoic to Quaternary rocks. Anomalous concentrations of Cl − , SO 4 2− , As, B and Ba were measured in two springs discharging a few hundred meters from the oil wells and in the Rio Ubierna. These contents are significantly higher than those of the whole set of the studied waters and are possibly indicative of mixing processes, although at very low extent, between deep and shallow aquifers. No evidence of deep-seated gases interacting with the Hontomín-Huermeces waters was recognized in the chemistry of the dissolved gases. This is likely due to the fact that they are mainly characterized by an atmospheric source as highlighted by the high contents of N 2 , O 2 and Ar and by N 2 /Ar ratios that approach that of ASW (Air Saturated Water) and possibly masking any contribution related to a deep source. Nevertheless, significant concentrations (up to 63% by vol.) of isotopically negative CO 2 (<−17.7‰ V-PDB) were found in some water samples, likely related to a biogenic source.
The geochemical and isotopic data of this work are of particular importance when a monitoring program will be established to verify whether CO 2 leakages, induced by the injection of this greenhouse gas, may be affecting the quality of the waters in the shallow hydrological circuits at Hontomín-Huermeces. In this respect, carbonate chemistry, the isotopic carbon of dissolved CO 2 and TDIC (Total Dissolved Inorganic Carbon) and selected trace elements can be considered as useful parameters to trace the migration of the injected CO 2 into near-surface environments.
© 2013 Elsevier Ltd. All rights reserved.
Introduction
The Hontomín-Huermeces (hereafter HH) area ( Fig. 1 ) is located at about 30 km north of Burgos (Spain) and lies in the north-central region of the Iberian Peninsula, where the NE sector of the Duero Basin is bordered by the Basque-Cantabrian Range to the north and by the Iberian Range to the southeast. The Basque-Cantabrian Basin is considered one of the most prospective sedimentary basins in Spain in terms of hydrocarbon exploration (Quesada et al., 1997; Permanyer et al., 2013) , due to the presence of a large variety of source rocks, reservoirs and seals and abundant structural and stratigraphic traps. In the surrounding areas of the target site, oil and gas production were carried out onshore (Ayoluengo oil, discovered 1964, and Castillo gas fields) and offshore (Gaviota and Albatros gas fields). Moreover, non-commercial oil discoveries are reported in several zones, e.g. Huidobro, Tozo and Hontomín structures (e.g. Quesada et al., 1993 Quesada et al., , 1997 .
The HH area was selected as a site to establish a scientific plant for CO 2 capture and storage (Lupion et al., 2011) . A multidisciplinary (geophysics, structural geology, hydrogeology and geochemistry) approach, funded by the Spanish Government and the European Community through a state-owned Foundation (Ciudad de la Energia), is presently carried out to demonstrate that CCS (Carbon Capture and Storage) is feasible and can be considered one of the most suitable techniques to reduce the emission of anthropogenic greenhouse gases.
Six wells (namely Hontomín-1 to Hontomín-4, Hontomín SW1 and Montorio-1), drilled in HH for oil exploration (Fig. 1) , are an important source for geological and structural information of both the aquifer-bearing horizon where the injection of CO 2 will be occurring and the cap rock. Once injected underground, CO 2 can be retained at depth (Gunter et al., 1993 (Gunter et al., , 2000 (Gunter et al., , 2004 , as: (a) supercritical fluid (physical trapping), (b) fluid migrating very slowly in an aquifer (hydrodynamic trapping), (c) dissolved CO 2(aq) into reservoir water (solubility trapping), and (d) newly formed carbonates (mineral trapping) (e.g. Cantucci et al., 2009 and references therein) . Among these sequestration processes, mineral trapping is likely the most stable (e.g. Gunter et al., 1993 Gunter et al., , 1997 . The injection of CO 2 in oil, gas and coal-bed methane fields can be used to recover methane and other hydrocarbons (Carbon Sequestration with Enhanced Gas Recovery and Oil Recovery: CSEGR and CSEOR, respectively, referred collectively as CO 2 -EHR, e.g. Oldenburg, 2003; Solomon et al., 2008) , representing an economic advantage that can partly decrease the costs of the CO 2 storage underground. Risks of CO 2 leakage and seepage from the reservoir to the surface need to be carefully evaluated (e.g. Pruess and García, 2002; Rutqvist and Tsang, 2002; Damen et al., 2006; Jones et al., 2006; Voltattorni et al., 2006; Cantucci et al., 2009 ). Detection of escaped CO 2 is a challenge since the release of the stored CO 2 may occur shortly after the injection or be delayed for few to thousands years.
The presence of CO 2 plume in an aquifer-bearing geological formation requires geophysical and geochemical monitoring programs to understand the fate of injected CO 2 in terms of safety and verification purposes. CO 2 storage monitoring programs are also addressed to demonstrate whether CO 2 storage projects are effective in reducing atmospheric levels of CO 2 by both predicting the fate of the stored carbon dioxide and recognizing leakages to the environment (e.g. IPCC, 2005; Korre et al., 2011) . In this respect geochemical investigation plays a key role in detecting CO 2 leakages from the reservoir since if they occur migration into the shallow groundwater systems, through the topsoil and then into the atmosphere might be expected.
CCS pilot sites, such as that at HH, are also aimed to test that this technique is a viable option for CO 2 mitigation and allow to define the most adequate physical and chemical monitoring methodologies to prove the reliability of CO 2 storage at depth. Nevertheless, the definition of the chemical and isotopic background of the water discharges is the correct approach before a carbon dioxide injection and is useful for the subsequent intra-and post-injection geochemical monitoring programs.
A pre-injection geochemical survey of natural water discharges is thus mandatory in order to establish whether their chemical and isotopic features can be modified when CO 2 leaks are interfering with the shallow waters. Consequently, this paper reports a detailed geochemical and isotopic study in the HH area with the aim to: (i) provide a geochemical characterization of the surface and spring water discharges,(ii) assess the main geochemical processes that affect the shallow hydrogeological system, (iii) propose a geochemical approach to ascertain the origin of CO 2 in the dissolved gases prior the injection and (iv) suggest which geochemical and isotopic parameters can be regarded as suitable tracers of CO 2 leakages at the near-surface.
Geological and hydrogeological setting

Geological outlines
Palaeozoic metasediments are the oldest geological formations recorded in the HH area and are discordantly overlain by the Alpine cycle, which consists of Triassic (lime-and dolostones and evaporites), Jurassic (lime-and dolostones and marls) and Cretaceous (turbidites, conglomerates, shale and lime-and dolostones) formations (Fig. 1) . Sanchez-Moya and Sopena (2004) suggested that these sediments are associated with the rifting process occurring during the closure of the Tethys and the opening of the Atlantic Ocean. In the Cretaceous-Paleogene, the very first compressive movements of the Alpine orogeny occurred, producing the onset of the formation of the Duero Basin. The climax of the deformation took place in the Oligocene-Lower Miocene, when the sedimentation of the synorogenic complex was underway . The Neogene sedimentation produced fluvial deposits, mainly located in the western margin and alluvial fan systems close to the active northern and eastern margins in the Duero Basin (Mediavilla et al., 1996) . In the north-eastern region of the Duero Basin the sequence consists of Lower Miocene marls, clays, evaporitic and limestone deposits. In the Middle Miocene the emplacement of alluvial facies along the north and north-east margins of the Duero Basin occurred. A limestone layer closes the sequence (Mediavilla et al., 1996) and is topped by lacustrine sediments of Middle-Upper Miocene age. The Pliocene-Pleistocene sedimentation includes alluvial fan gravels. Quaternary deposits consist of gravels, sands, silts and clays.
From a structural point of view, this region corresponds to the Cenozoic basins (NE Duero and Bureba Depression) and the Alpine orogenic system (Iberian and Basque-Cantabria Ranges). The Basque-Cantabrian Range is the eastern extension of the Pyrenean system and refers to the compressive tectonics that has produced displacement of the Cantabrian Sea crust under the Iberian plate Tavani and Anton Muñoz, 2012; Tavani et al., 2011) . The Iberian Range forms a NW-SE striking intraplate fold belt (Benito-Calvo and Perez-Gonzalez, 2007 and references therein), which started with the Mesozoic extensional stages, whereas the compressive phase occurred in the Cretaceous. The studied area includes the westernmost part of the Paleozoic Sierra de la Demanda and a zone of Mesozoic materials structured in NW-SE/WNW-ESE anticlines and synclines (Benito-Calvo and Perez-Gonzalez, 2007 and references therein). The outcropping Mesozoic rocks of the Sierra de Atapuerca are located in the Neogene basins between the two ranges. With the exception of the fold and fracture systems affecting the Paleogene deposits, the general trend in the Cenozoic basins is the occurrence of Neogene (sub)horizontal sediments .
Hydrogeological feature
The HH area is located between the hydrographic catchments of the Duero and Ebro rivers in a typical continental Mediterranean climate regime, with an annual rainfall pattern characterized by two peaks of precipitation, in autumn and spring, respectively. Mean annual rainfall values range from 650 mm, mainly in the low lands, up to 800 mm in the mountainous areas (Agencia Estatal de Meteorologia; AEMET, www.aemet.es).
The main tributaries characterized by a permanent hydrographic regime are the Arlanzon River (not shown in Fig. 1 ) and its tributaries (Urbel and Ubierna) and the Oca and Rudron rivers (not shown in Fig. 1 ) for the Duero and Ebro basins, respectively. In the western slope of the Ebro basin the Homino River flows through the central part of the studied area up to Hontomin village (Fig. 1) . According to ITGE (1998) , the main drainage network at HH is characterized by the prevalence of three hydrogeological units, as follows: (i) "Quintanilla-Peñahorada-Atapuerca" (SW of HH), belonging to the Duero hydrographic catchment, (ii) "Pàramos de Sedano-La Lora" (NW of HH) and (iii) "La Bureba" (SE of HH), related to the Ebro hydrographic basin (Fig. 1) . Ultimately, Tertiary detritic materials of low permeability fill the Ebro and Duero basins.
The "Quintanilla-Peñahorada-Atapuerca" (QPA) hydrogeological unit mainly consists of Cretaceous sedimentary formations and is placed in the southern part overboard of the studied area. This unit includes tectonized calcareous formations and the recharge is mainly via direct infiltration of the rainfalls, and groundwater feeding the superficial diffuse drainages, where low permeability lithologies occur. The WNW-ESE oriented Ubierna fault (partially masked by Tertiary units), crossing the Mesozoic series, is considered to be responsible for the ascent of the Upper Triassic plastic formations (Keuper Formation) (e.g. Hernaiz, 1994; Tavani et al., 2011; Quintá and Tavani, 2012) . Consequently, waters circulating inside the Jurassic and Lower Cretaceous formations, located to the North with respect to the Ubierna fault, have generally a NE direction, whereas waters circulating in the southern sector are influenced by a saline domo-shape structure and have generally a preferential flow path in sub-parallel direction.
The "Pàramos de Sedano-La Lora" (PSL) hydrogeological unit is entirely located in the western sector of the studied area, between the Ebro River and the hydrographic limits of the Duero basin and covers the north-western area of the geological structural of the CO 2 injection pilot site. The hydrogeological units are mainly represented by karstic calcareous formations and by the Utrillas formation mainly consisting of fluvial sands (Arostegui et al., 2000) .
Finally, the "La Bureba" (LBU) hydrogeological unit occupies the southern part of the area under study. This unit is situated between the hydrographic limits of the Duero and Ebro basins and the Burgos region. The main hydrogeological unit is represented by carbonate sequences. Most recharge is directly derived by infiltration of the rainfalls through permeable outcrops and into the Tertiary facies (sands and conglomerates). Carbonates formations maintain continuity with respect to the PSL hydrogeological units. This implies that PSL may receive contributions from "La Bureba" hydrogeological unit.
The geological setting of the pilot test site for the CO 2 injection is located in a dome-shape structure affecting the Lower Jurassic formations (Alcalde et al., 2010) . The CO 2 -hosting reservoir is a saline aquifer at the depth of about 1500 m in a calcite-dolomite rich level of Sinemurian age. The lower and upper sealing formations consist of anhydritic unit (Keuper Formation) and marls of Pliensbachian age, respectively. The geological reservoir is in agreement with the EU recommendations, assessing that a CO 2 trap has to be characterized by a thickness of 20-50 m, a porosity of 10% or less, a cap-rock (Lower Jurassic marls) thickness of 50-100 m and a water salinity >10 g/L. At the surface the injection well (close to which a monitoring well is planned to be drilled) will be located between Hontomín-2 and Hontomín-4 oil wells (Fig. 1) .
Materials and methods
Five sampling campaigns (January, July and November 2010 and March and April 2011) were carried out in the surroundings of HH areas up to a distance of about 20 km with respect to the site where the CO 2 injection well is planned. In total, 19 surface (RU8, RC9, RH15, RR16, RUT17, RCM18) and spring (LA1, EV2, FH3, FL4, FP5, FCL6, PDS7, PH9, AC11, FA12, FA13, FEA14, EVR) waters were collected (Fig. 1) . Some springs (namely, LA1, EV2, FH3, FL4, FP5) were repeatedly sampled in all the campaigns, since they are discharging close to the injection site. Other waters, e.g. FCL6, PDS7, PH9, AC11, sampled in July and November 2010 and March 2011 (Table 1) , are mostly distributed between the Ubierna Fault to the SW and the Triassic salt dome structure to the NE (Serrano-Oñate et al., 1990) . These springs are related to either the contact between impervious and permeable formations or overflow discharges (Fig. 1) . To the best of our knowledge, no domestic or industrial wells are present in the studied area.
Temperature and pH were measured in the field by means of portable instruments. Total alkalinity was determined in the field by acidimetric titration using HCl 0.01N as titrating agent and methyl-orange as indicator. Two water aliquots were collected for the determination of: (a) anions and (b) cations and trace elements. The latter was acidified by adding Suprapur nitric acid (1% HNO 3 ). Both aliquots were filtered at 0.45 m in the field. About 50 mL of water were sampled for the determination of free-CO 2 in pre-weighed glass bottles into which 5 mL of 1 M Na 2 CO 3 were added. "Free-CO 2 " refers to CO 2 present in water as both gas microbubbles (CO 2gas ) and dissolved phase (CO 2liq ), the latter being CO 2 not yet transformed into HCO 3 − . Consequently, free-CO 2 is a useful parameter to detect "active" CO 2 inputs in aquifers. An aliquot of 125 mL of water was sampled for the isotopic analysis of oxygen and hydrogen (January and November 2010) in H 2 O and carbon (January 2010) in TDIC (Total Dissolved Inorganic Carbon), after adding few milligrams of HgCl 2 to inhibit carbon isotopic fractionation by bacteria. The sampling for the determination of the dissolved gases and carbon isotopes ( 13 C/ 12 C) in CO 2 was carried out by using 250 mL pre-evacuated glass bottles equipped with Torion ® stopcocks (Tassi et al., 2004 (Tassi et al., , 2008 ). In the laboratory the gas vials are pre-evacuated by a rotary pump to a vacuum of 10 −1 -10 −2 Pa. By immerging the gas vial into the water and opening the Teflon stopcock, the water is forced to enter the vial by decompression; about 2/3 of the glass bottles were filled with water. Water samples were analyzed by ion chromatography (Cl − , SO 4 2− , NO 3 − , Br − , and F − ), molecular spectrophotometry (NH 4 ), atomic absorption spectrophotometry (Na + , K + , Ca 2+ , and Mg 2+ ), and inductively coupled plasma-mass spectrometer (Al, As, B, Ba, Cd, Co, Cr, Cs, Cu, Fe, Li, Mn, Ni, P, Pb, Rb, Sb, Se, Si, Sr, Tl, U, V, W and Zn). Errors were <3% for the main components and 10-15% for trace elements. The concentration of free-CO 2 was calculated on the basis of the analysis of total alkalinity after potentiometry titration with a 0.5 M HCl solution. The isotopic composition of oxygen and hydrogen in H 2 O (expressed as ␦ 18 O and ␦ 2 H‰ V-SMOW, respectively) was analyzed by using a Finningan Delta Plus XL mass spectrometer. Water samples were equilibrated with CO 2 for the analysis of ␦ 18 O values (Epstein and Mayeda, 1953) , while the hydrogen isotopic ratios were measured on H 2 produced by the reaction of 10 L of water with metallic zinc at 500 • C, following the analytical Source: Error is calculated according to Appelo and Postma (1993) . TDS: Total Dissolved Solids; n.d.: not determined. The sum of cations ( cat) and anions ( an) are in meq/L, free-CO2 is in mmol/L. All the other values are in mg/L. method of Coleman et al. (1982) . The analytical error for ␦ 18 O and ␦ 2 H was ±0.1 and ±1‰, respectively. The 13 C/ 12 C ratios of Total Dissolved Inorganic Carbon (TDIC, expressed as ␦ 13 C-TDIC‰ V-PDB) were determined with a Finningan Delta Plus XL mass spectrometer on CO 2 produced by the reaction of 3-5 mL of water (depending on the alkalinity) with 2 mL of anhydrous phosphoric acid in pre-evacuated containers (Salata et al., 2000) . The recovered CO 2 was analyzed after a two-step extraction and purification procedures by using liquid N 2 and a solid-liquid mixture of liquid N 2 and trichloroethylene (e.g. Evans et al., 1998; Vaselli et al., 2006) , respectively. The analytical error for ␦ 13 C-TDIC was ±0.1‰.
Chemical gas composition (CO 2 , N 2 , O 2 , Ar, Ne, H 2 and He) in the gas vial headspace was determined with a Shimadzu 15a gas chromatograph equipped with a Thermal Conductivity Detector (TCD), while CH 4 was analyzed with a Shimadzu 14a gas chromatograph with a Flame Ionization Detector (FID). The gas concentrations in the liquid phase were calculated according to the Henry Law (Tassi et al., 2008 Vaselli et al., 2006) . The analytical error was ≤5%.
The 13 C/ 12 C ratio of dissolved CO 2 (expressed as ␦ 13 C-CO 2 ‰ V-PDB) was determined in the separated gas phase stored in the sampling flask headspace. The carbon isotopic ratio in CO 2 was measured with a Finningan Delta S mass spectrometer after standard extraction and purification procedures by using two cryogenic traps as previously described for ␦ 13 C-TDIC (Evans et al., 1998; Vaselli et al., 2006) . Analytical error was ±0.05.
To calculate the ␦ 13 C values of dissolved CO 2 (␦ 13 C-CO 2 ) from the measured ␦ 13 C (␦ 13 C meas ), the carbon isotope fractionation due to liquid-to-gas transfer of CO 2 was quantified by using the ε 1 factor for the gas-water equilibrium (Zhang et al., 1995a) , as follows:
The ␦ 13 C-TDIC values were computed by combining the ␦ 13 C values of the main inorganic carbon species (HCO 3 − and CO 2 ).
Isotopic fractionation caused by the reaction between dissolved CO 2 and HCO 3 − is quantified by the enrichment factor (ε 2 ), as follows (Mook et al., 1974) :
The theoretical ␦ 13 C TDIC values (␦ 13 C TDICcalc ) were computed, as follows:
With the exception of the January 2010 sampling, the ␦ 13 C TDIC values were calculated according to equations (2) and (3). Finally, pCO 2 , element speciation, saturation index (SI) and ionic activity were calculated using the aqueous speciation model EQ3/6 (Wolery and Jarek, 2003) .
Results
Water chemistry
The chemical composition of the sampled waters (N = 52) is listed in Table 1 . Temperatures were between 5 and 19 • C as a function of the sampling period. The pH values and the Total Dissolved Solids (TDS) ranged between 6.7 to 8.2 and 296 to 742 mg/L, respectively. The square (Langelier and Ludwig, 1942) and the HCO 3 − -Cl − -SO 4 2− and Ca 2+ -Mg 2+ -(Na + + K + ) ternary classification diagrams are reported in Fig. 2 , where the sampled waters are distinguished according to the period of sampling. The HH water samples are Ca 2+ (Mg 2+ )-HCO 3 − in composition, typical of surface and shallow underground waters (e.g. Drever, 1997) . In the anion ternary diagram they show a nearly constant SO 4 2− /Cl − ratio (Fig. 2b) , whereas in that of the cations (Fig. 2b) they cluster around the Ca 2+ vertex with a relatively variable Na/Mg ratio. No significant chemical differences are recorded between surface and spring waters.
Fluoride and Br − contents were generally <0.7 and 0.08 mg/L, respectively. Ammonium was characterized by concentrations <0.15 mg/L, whereas those of NO 3 − had a large variability, ranging from 0.1 to 123 mg/L. The spring discharges, located close to the HH oil wells, showed the highest NO 3 − values among the whole dataset.
Trace element concentrations are listed in Table 2 , while the respective box-plot diagrams are reported in Fig. 3 . The highest concentrations were observed for Si (up to 5210 g/L), Sr (up to 1125 g/L), Ba (up to 312 g/L) and P (up to 117 g/L) (Fig. 3a) , whereas all the other elements were <18 g/L (Fig. 3b ) and often characterized by contents below the instrumental detection limit. It is worth to mention that the highest concentrations of As were recorded in the Rio Ubierna (RU8) and the Fuente Hontomín (2) and (3). Carbon isotopes in TDIC (Total Dissolved Inorganic Carbon; expressed as ␦ 13 C-TDIC‰ V-PDB) for the January 2010 sampling were measured, while those of the other samplings (in italics) are calculated by using the ␦ 13 C-CO2 in the dissolved gas and HCO3 and free-CO2 concentrations. 
Dissolved gas chemistry
Dissolved gas composition was determined in the springs with the exception of the April 2011 sampling when no measurements were carried out. The chemical composition (in % by volume) and the sum of the dissolved gas concentrations ( DG in mmol/L) for the HH waters are listed in Table 3 . The total dissolved gas concentration did not exceed 2.6 mmol/L. Most gases were dominated by an atmospheric component since N 2 , O 2 and Ar were often the prevailing gases. Nevertheless, carbon dioxide was always >2.3% by vol. and a few samples were characterized by CO 2 concentrations up to 63% by vol. Methane, Ne and He were up to 0.03, 0.008 and 0.002% by vol., respectively, while H 2 was mostly below the instrumental detection limit (<0.00001% by vol.).
Stable isotopes
The oxygen and hydrogen isotopic ratios in the water molecule (expressed with the ␦ notation ‰ and referred to V-SMOW) were measured in seven water spring discharges. The ␦ 18 O and ␦ 2 H values ranged from −9.6 to −7.9‰ (V-SMOW) and from -62.4 to -48.4‰ (V-SMOW), respectively ( (Craig, 1961) and the Mediterranean (Gat and Carmi, 1971 ) meteoric water lines (Fig. 4) . The slightly more positive ␦ 18 O value for the EV2 sample was likely due to some evaporative process. The ␦ 13 C-CO 2 (expressed with the ␦ notation ‰ and referred to V-PDB) values in the dissolved gases were rather negative, varying between −23.4 and −17.7‰ (V-PDB). Similar negative values were obtained when considering the measured and calculated ␦ 13 C-TDIC values since they were as low as −16.9‰ V-PDB (Table 4) .
Discussion
Origin of the dissolved species
The Palaeozoic to Quaternary sedimentary rocks at HH are mainly made up by silicate and carbonate minerals at different proportions. The latter are likely responsible for the chemical composition of the analyzed waters, which show a Ca(Mg)-HCO 3 facies. This is supported by the fact that the HCO 3 /(Ca + Mg) (in meq/L) is approaching the stoichiometric value of 1, suggesting that the congruent dissolution of Ca-Mg-bearing carbonate mostly contribute to the chemistry of the HH waters. The relatively low TDS (<800 mg/L) values indicate shallow circulation circuits fed by meteoric water. In order to calculate the hypothetical recharge area at which the meteoric waters are infiltrating, we may assume a vertical gradient of -0.36‰ ␦ 18 O/100 m and a value of about −6‰ (V-SMOW) for spring discharging at sea level in the central Mediterranean Sea (Minissale and Vaselli, 2011) . This may suggest that the recharge elevation of the springs surrounding the HH area can nearly be set between 800 and 1000 m (Fig. 4) .
The chemical composition of surface and shallow waters does not necessarily reflect unambiguously natural geochemical processes. For example, TDS variations in surface waters are the results of combined effects, e.g. lithology and pollution (e.g. Gaillardet et al., 1999; Roy et al., 1999; Han and Liu, 2004) . Generally speaking, the concentrations of most major ions are significantly increased due to anthropogenic contamination (e.g. Na + = 28%, SO 4 2− = 54%, Cl − = 30%, Ca 2+ = 9%, K + = 7%), e.g. Berner and Berner (1996) and reference therein. It is well established that Na + and K + , Cl − and NO 3 − and, to a minor extent, Br − and F − may be derived from agricultural fertilizers, animal waste, and municipal and industrial sewage; thus, a relationship between increasing TDS and these dissolved species may help to understand the anthropogenic effect on the water chemistry of the HH samples. In this respect, dissolved nitrate in surface and shallow ground waters represents an important geochemical tracer of pollution. Interestingly, the HH waters are characterized by a large variability of NO 3 − concentrations as they span from 0.14 to 123 mg/L, whereas Cl − , Na + , SO 4 2− and K + contents are from 0.10 to 30, 1.6 to 34, 0.22 to 94 and 0.3 to 5.1 mg/L, respectively. Chloride and SO 4 2− show a positive correlation between them and with TDS, the highest contents pertaining to Fuente Hontomín (FH3) and Rio Ubierna (RU8) ( Table 1 ). The Cl − /SO 4 2− (mostly <2.8) ratios are generally much lower than in the marine aerosols (Cl − /SO 4 2− SW = 6.9 as mg/L). Thus, we may suppose that SO 4 2− may have a weak contribution by the interaction with evaporitic minerals (e.g. gypsum) present within the sedimentary rocks that constitute the outcropping rocks in the HH area. Nevertheless, oxidation of sulphide (e.g. FeS 2 ) minerals cannot be excluded.
According to Widory et al. (2005) , nitrate in natural waters commonly occurs at moderate concentrations, i.e. around 10 mg/L, while higher contents are usually indicative of anthropogenic sources. Like Ca and Mg, bicarbonate in rivers and groundwater bodies is derived from natural sources, while pollution contribution is as low as 2% (e.g. Meybeck, 1979) . Despite the fact that the HH waters can be regarded as mainly sourced by natural processes, the origin of nitrate deserves a particular attention, this solute showing contents that are commonly related to polluted areas. Therefore, in It is worth of noting that similar or even higher Cl − and SO 4 2− contents are also found in the Rio Ubierna (RU8; Table 1 ). This finding may be explained by the presence of relatively Cl-SO 4 -rich water discharges that affect the Rio Ubierna where the NO 3 − concentrations are always below 20 mg/L, indicating for this river a low contribution by anthropogenic sources.
The most probable source of nitrates is likely associated with the attempt to obtain productive systems and integrated to the landscape by the administration of the Castilla-León Region, using N-rich effluents (Macías et al., 2005) to increase the vegetative cover. These effluents were derived by manufacturing processes of explosive materials, such as nitroglycerin, TNT, dynamite, penthrite, by a local factory. After mixing and neutralizing these compounds two wastewaters were obtained both characterized by high concentrations of nitrates (∼57,000 mg/L) and extreme pH values (0.5 and 9.0, respectively). A dilution between the two wastewaters was provided to increase the pH values up to 5-6 (Calvo, 2002; Macías et al., 2005) and spread in the territory close to HH. The chemical composition of the effluents was characterized by 1000-3000 mg/L of SO 4 2− , 3000-22,000 mg/L of Na + , whilst the concentrations of Cl − , Ca 2+ , Mg 2+ , K + and NH 4 + were from 0.1 to 500 mg/L (Macías et al., 2005) . It is interesting to mention that the metal contents in the effluents are relatively low, ranging from <0.1 (Mn, As and Zn) to 13 (Al) mg/L. Apparently, this practice was abandoned in 2007.
As previously mentioned, trace elements concentrations in the studied waters did not show any peculiar or anomalous value (Table 2) , being most of them being characterized by contents that approached the instrumental detection limit or were below it and thus, likely related to the geological environment through which they move, as observed worldwide (e.g. Kreamer et al., 1996 and references therein). However, when compared to the studied waters, Fuente Hontomín (FH3) and Rio Ubierna (RU8) showed relatively higher concentrations of As and B (up to 0.8 and 1.8 and up to 16 and 18 g/L, respectively, Table 2 ) and U (up to 4.19 g/L) at FL4 that may possibly be related to a deeper source, as previously stressed for Cl − and SO 4 2− . High Ba concentrations in FH3 were found to be between 193 and 313 g/L, whereas those in RU8 were similar to the other water samples, likely due to the fact that this element is easily removed in surface waters, as it tends to precipitate.
It can be speculated that some main and trace elements might be related to the effects of the NO 3 -rich effluents. However, if we consider that the highest concentration of NO 3 − , recorded in FH3, was 123 mg/L, this would suggest a dilution of about 1/460 with respect to the content of NO 3 − in the effluents (ca. 57,000 mg/L). If this dilution coefficient is applied to those elements, such as As, that were considered to be related to a deep source, an anthropogenic contribution of <0.2 g/L is expected, and thus, negligible with respect to the concentrations found in FH3 and RU8. Even for the major solutes (e.g. Cl − , Ca 2+ and Mg 2+ ) the contribution by this anthropogenic source is to be considered negligible when compared with the concentrations found in the sampling sites close to the HH area. Only SO 4 2− and Na + concentrations can be related to the NO 3 -rich effluents; however the relatively constant SO 4 2− /Cl − ratio (Fig. 2b ) observed for the investigated water samples does not support this hypothesis.
The water samples discharging close to the Hontomín oil wells and monitored during the five campaigns carried out in this area, i.e. Fuente Laguillo (LA1), El Vivero (EV2), Fuente Hontomín (FH3), Fuente Lordujo (FL4) and Fuente Peña (FP5), did not show seasonal variations in terms of geochemical facies, although some solutes had significant variations with time. Furthermore, selected molar ratios indicate different sources of the solutes, due to either differences in the lithological features interacting with the water discharges or anthropogenic inputs. Molar ratios are particularly well suited to distinguish waters interacting with different sedimentary rocks; moreover, these ratios are independent from flow rates, dilution and evaporative effects (e.g. Négrel et al., 1993; Zhang et al., 1995b; Gaillardet et al., 1997; Han and Liu, 2004) . As an example, in Fig. 6 (Fig. 6a) . These different trends appear more evident when the HCO 3 − /NO 3 − molar ratios are taken into account since this ratio is achieving the highest values for EV2, followed by those of FL4 and FP5, whereas they are <10 for LA1 and FH3 (Fig. 6b) . This implies that these two water discharges are the most prone to NO 3 − pollution. It is remarkable that LA1 and FH3 show the lowest Ca/Na molar ratios (Fig. 6c) , likely due to both different lithological (silicate minerals) and anthropogenic contributions, as supported by their low HCO 3 − /Cl − and HCO 3 − /SO 4 2− values with time (not shown).
Origin of the dissolved gases
The relatively shallow circuits that characterize the HH waters are also evident when considering the dissolved species since they are dominated by N 2 , O 2 and Ar. Furthermore the N 2 /Ar ratios are clustering around 38 as shown in Fig. 7a , this value corresponding to that of ASW (Air Saturated Water) at 20 • C (e.g. Giggenbach, 1995) . The N 2 /O 2 ratios are usually higher than that in ASW (1.88) due to O 2 consumption underground as oxidative processes are occurring, this is particularly true for those samples that have values >20 (Table 3) . However, the presence of a non-atmospheric source for the dissolved gases is evidenced in the N 2 versus CO 2 (in % by vol.) binary diagram (Fig. 7b) , where an inverse significant correlation (R 2 = 0.87) is observed. The presence of CH 4 , although at relatively low concentrations (Table 3) , further corroborates this observation. According to the ␦ 13 C-CO 2 values, which are characterized by negative value (<−17.7‰ V-PDB), a biogenic source likely related to the soil zone, whose values can be as low as <−25‰ V-PDB (e.g. Rollinson, 1993 and references therein), can be invoked (see below), although no carbon and hydrogen isotopic data are presently available for CH 4 .
Processes governing water composition
SI, activity values, log(pCO 2 ) and measured and calculated TDIC (in mol/L) are reported in Table 5 . The SI confirms that the major process controlling the surface and shallow water composition is the dissolution of calcite and dolomite (SI cal is from −0.63 to +1.06 and SI dol from −1.1 to +2.26), whereas SI for the main silicatic minerals is largely negative. Thus, meteoric waters as interact with the substratum become saturated in calcite and to a lesser extent dolomite; consequently, a Ca(Mg)-HCO 3 composition is attained in the initial stages of water-rock interaction processes due to calcite dissolution even in small amount. This is related to the fact that the dissolution rate of calcite is 2-6 orders of magnitude higher than that of Al-silicates, depending upon the pH (Stumm and Morgan, 1996 and references therein).
Activity plots represent a very effective tool for investigating the saturation state of a number of waters with respect to several, relevant solid phases, provided that temperature and pressure are kept constant or nearly so (Helgeson, 1968; Bowers et al., 1984) . The use of activity plots also allows a quick evaluation of the effects of mixing in the solid state, as the stability field limits of solid mixture end-members are taken into account. The activity plots for the Na 2 O-Al 2 O 3 -SiO 2 -H 2 O (Fig. 8a) , (Fig. 8b) , MgO-Al 2 O 3 -SiO 2 -H 2 O (Fig. 8c) , and CaO-Al 2 O 3 -SiO 2 -H 2 O (Fig. 8d) systems were plotted assuming conservation of Al in the solid phases; as a consequence, among clay minerals only kaolinite and beidellites were considered, with the exception Mg-saponite whose stability field is shown in the activity plot for the MgO-Al 2 O 3 -SiO 2 -H 2 O system (Fig. 8c) . The theoretical grids were computed for 15 • C and 1.013 bar. Activities of the different ions and SiO 2 (aq) were computed for each water sample by means of EQ3/6 code (Wolery and Jarek, 2003) (Table 5) .
The HH waters are found in the stability field of kaolinite and most waters are saturated with dolomite and calcite ( Fig. 8c and  d) . The activity plots for the MgO-SiO 2 -Al 2 O 3 -H 2 O and CaO-SiO 2 -Al 2 O 3 -H 2 O chemical systems ( Fig. 8c and d ) also report the saturation lines for calcite and dolomite corresponding to log f CO 2 values of −1 and −3, confirming the control of calcite (or Ca-carbonates) and dolomite on Ca 2+ and Mg 2+ activity, respectively. Basically, calcite and dolomite saturation acts as a sort of geochemical barrier in determining the possible attainment of saturation with primary Casilicates, e.g. anorthite, at very low CO 2 fugacity. These waters are indeed strongly undersaturated with respect to the most important Na-, Mg-and Ca-bearing primary minerals, i.e., albite, and anorthite, and diopside, although some samples approach saturation for Mg-Saponite, muscovite and K-feldspar (Fig. 8a-c) .
Total dissolved inorganic carbon (TDIC) and pCO 2
Calcite and dolomite dissolution affecting the studied waters are strictly controlled by pCO 2 . The range of variation of the pCO 2 values is directly related, through the mass action law, to the content of dissolved carbonic acid, H 2 CO 3 , which is the main acidic substance driving mineral dissolution reactions in most natural environments, as follows:
where K H is the Henry constant of gaseous CO 2 . The amount of carbonic acid is progressively reduced as a consequence of water-rock interaction, which leads to conversion of both carbonic acid to the conjugate base, bicarbonate ion, and the latter to the carbonate ion at higher pH values: and total carbonate ion (CO 3 2− and related complexes) form the so-called total dissolved inorganic carbon (TDIC).
Conversion of carbonic acid in the conjugate bases during weathering is a process at constant TDIC only in systems closed with respect to CO 2(g) , that is if no loss/acquisition of gaseous CO 2 occurs toward/from an external reservoir, no carbonate minerals precipitate. In contrast, this process causes an increase in carbonate alkalinity of waters. The same acid-base neutralization process in open system, i.e. under natural conditions of constant supply of gaseous CO 2 , implies an increase of both total alkalinity and TDIC, the latter representing, in some way, an index of the compositional evolution of natural waters (e.g. Marini, 2007) .
In the pCO 2 and pH binary diagram of Fig. 9 the HH waters are compared with the theoretical curves representing three iso-TDIC concentrations lines (TDIC = 10,100 and 1000 mg HCO 3 /L, respectively). As expected, the pCO 2 values show a negative correlation with those of pH, with no variability of the TDIC contents, being the HH waters comprised between 0.0033 and 0.0080 mol/L, suggesting a acid-base neutralization process in closed systems with respect to CO 2(g) . The partial pressure of CO 2 is between 2.97 × 10 −3 to 5.33 × 10 −2 bars. The highest pCO 2 values are associated to FH3, FA13 and PDS7, which are characterized by relatively low pH (6.74, 7.16 and 7.49, respectively) values. It is worthwhile to mention that the great majority of the measured and calculated TDIC values (Table 5 ) are in a narrow range with a difference of 10-15%.
Isotopic composition of TDIC
The measured and calculated ␦ 13 C-TDIC values (Table 4) of the total inorganic carbon dissolved in the HH waters (from −16.9 to −8.5‰) and the low variability of the TDIC contents suggest that inorganic carbon in the HH shallow aquifer is likely derived from the same source. In Fig. 10 the TDIC and ␦ 13 C-TDIC values are reported along with the theoretical lines representing the TDIC and ␦ 13 C-TDIC evolution of infiltrating water through carbonate terrains where a CO 2 source is active according two different models: (i) addition of soil CO 2 deriving from oxidation of organic matter and root respiration (biogenic), (ii) addition of deeply derived CO 2 and in equilibrium with calcite.
The theoretical curves were computed by means of the EQ3/6 code, starting from low to middle TDIC values, 0.003 and 0.005 mol/kg, respectively, according to Chiodini et al. (2000) and Frondini et al. (2008) . In order to investigate the effects of CO 2 on the TDIC and ␦ 13 C-TDIC values, the input of CO 2 biogenic was modeled by the addition of 0.01 mol of carbon to infiltrating waters with a ␦ 13 C value of −20‰ (V-PDB), whilst the ␦ 13 C values of deep CO 2 added to the solution were ranging from −7 (typical of mantle-derived) to 0.0‰ (calcite dissolution). The geochemical modeling that best fit the observed TDIC-␦ 13 C-TDIC composition of the HH waters is reported in Fig. 10 . The HH waters are characterized by TDIC <0.008 mol/kg and are generally positioned along the theoretical curves representing the addition of biogenic soil CO 2 . Moreover, the pCO 2 values that are higher than the atmospheric average (10 −3.5 bar), testify a variable contribution to waters of CO 2 produced through biological activity of plants and decomposition/oxidation of organic matter in soils (Appelo and Postma, 1993) that, in oxidized environments, can be expressed through the following simplified reaction:
where CH 2 O stoichiometry closely represents the mean composition of organic matter. Thus, we may conclude that no evidence of a deep-routed CO 2 was highlighted in the HH waters. 
Implications for the water and dissolved gas geochemical monitoring
The HH area can be considered suitable for CO 2 storage since the injection will be located in a 3 km × 5 km dome-shape structure (Alcalde et al., 2010) where porous and permeable aquifers hosted in Lower Jurassic carbonate and dolomite beds occur at about 1500 m depth. The overlying marl strata are a potential cap rock, while anhydrites can be regarded as a lower seal. The thermal gradient in the area, derived by the oil wells, has a mean value of 26 • C/km (Fernàndez et al., 1998) . The integrity of the cap rock once CO 2 will be injected is also apparently guaranteed by the low seismicity affecting this area. In fact, according to the National Institute of Geography, from 1939 to 2011 These features suggest that CO 2 can safely be injected. However, the HH area is interested by a main structure, namely the Ubierna-Ventaniella fault system (e.g. (Fig. 1) . It formed the southern boundary of the Baque-Cantabrian Basin in the Late Jurassic-Early Cretaceous (e.g. Rat, 1988) along with NE-SW striking and NW dipping faults (Tavani and Anton Muñoz, 2012) . This structure may act as a permeable zone favoring the fluids uprising if a CO 2 leakage would occur through the cap rock. Similarly, other fracture or fault systems, covered by the Quaternary sediments, can be present in the proximity of the oil wells (Fig. 1) , the latter potentially being leakage points. This would apparently explain the presence of possible contribution by deeper waters in some springs (e.g. samples FH3 and FL4) fed by the shallow hydrological circuits and surface waters (RU8).
The maximum, minimum and mean values (11 samples collected in 2010) of the main solutes measured from the H-2 well brine, kindly provided by A. Perez Estuan and described in a technical report of CIEMAT (Barcelona, Spain) by Buil et al. (2012) , are listed in Table 6 . The brine has a salinity is 26 g/L (as NaCl) and a slightly alkaline pH value (7.3). The Cl/SO 4 molar ratio is about 26 and strongly differs of about one order of magnitude with respect to those calculated in the studied waters, similarly to other molar ratios less affected by secondary processes (e.g. salt precipitation), such as Na/K and Mg/Cl. Despite the fact that no trace elements are available for the HH brine, on the basis of the sole main solutes any brine leakage to the surface should be detected. However, it has to be considered that the injection of CO 2 (in the case of HH less than 100,000 tons will be injected with a purity >99%) may induce the formation of a CO 2 plume. According to Chadwick et al. (2005) , less than 1000 tons of CO 2 should be detectable at depths of less than 1000 m by seismic methods. In near-surface environments, such as ground waters, CO 2 flow should be migrating as bubbles in fault systems and/or near borehole. Thus, we may speculate that the equilibrium of the carbonate species should first be modified causing an acidification of the shallow waters and the increase of HCO 3 − (e.g. Myrttinen et al., 2012 and references therein) and free-CO 2 . Consequently, the dolomite and calcite saturation lines reported in Fig. 8c-d are of special interest for the geological sequestration of CO 2 . In the case of a CO 2 leakage, the shallow aquifers may increase log f CO 2 , probably modifying the geochemical barrier reported in Fig. 8c-d .
This process is also expected to affect the carbon isotopic composition of TDIC and dissolved CO 2 . The industrial CO 2 to be injected in a pilot site is indeed usually derived by refinery gas processing and the ␦ 13 C-CO 2 values are rather negative, e.g. from to −36 (Vaselli, unpublished data) to −28‰ V-PDB as that used in the Ketzin pilot site, e.g. Myrttinen et al. (2010) . The isotopic and geochemical data of TDIC (e.g. Barth et al., 2003) and dissolved CO 2 may allow to distinguish different sources, e.g. atmosphere, soil respiration, carbonate. Thus, the isotopic and chemical equilibrium of the C-bearing inorganic species can be used to trace CO 2 leakage if the injected CO 2 would have an isotopic carbon ratio that differs with respect to that already present (Raistrick et al., 2006) . The ␦ 13 C-CO 2 values measured in the HH waters are clustering around −20‰ V-PDB and thus are more positive than those of the injected CO 2 at Ketzin. Nevertheless, if we consider that the baseline of ␦ 13 C-TDIC of the HH shallow aquifer has a value −10‰ V-PDB (Table 4 ), i.e. similar to other aquifers worldwide (e.g. Clark and Fritz, 1997) , the injection of CO 2 with a carbon isotopic value of −30‰ V-PDB should decrease the ␦ 13 C-TDIC to more negative values than those observed. By simulating the addition of 100 steps of 0.01 mol of CO 2 (␦ 13 C-CO 2 = −30‰ V-PDB and ␦ 13 C-TDIC = −10‰ V-PDB) and considering the maximum (0.008 mol/kg), minimum (0.0033 mol/kg) and mean (0.0052 mol/kg) TDIC values of the HH waters, the resulting ␦ 13 C-TDIC and TDIC values would indeed be -28.6‰ and 0.12 mol/kg, -29.4‰ and 0.11 mol/kg, and −29.1‰ and 0.11 mol/kg, respectively.
It is to point out that the injection and the leakage rates (not yet established), if occurring, are critical factors for modifying the present chemical features of the studied system. Furthermore, the isotopic composition of the CO 2 in the HH brine is not known and thus, it is not possible to compare the injected CO 2 with that present at depth.
Summarizing, the establishment of the geochemical baseline of surface and ground waters through monitoring programs, that should include the acquisition of large spectrum of chemical and isotopic parameters, before commencing the pre-injection of CO 2 is a key point for assuring that during the operational and postoperational period no modifications have occurred.
Conclusions
In this paper the very first geochemical and isotopic data for the surface and spring waters from the HH, where a pilot plant will shortly be established to inject pure CO 2 , were presented. The chemical and isotopic compositions indicate that the studied waters, characterized by relatively low TDS and a Ca 2+ (Mg 2+ )-HCO 3 − hydrochemical facies, are fed by meteoric waters circulating along a shallow hydrogeological pattern. Despite the fact that an anthropogenic source of NO 3 was recognized, two springs (namely Fuente Hontomin: FH3 and, at minor extent, Fuente Laguillo: LA1) show clues of a possible contribution by deeper waters as derived by the relatively high concentrations of As, B, Ba and U. Similar geochemical features were also found in the Rio Ubierna for which inputs by more saline waters can be hypothesized. The HH water chemistry is mainly related to water-rock interaction processes that involve the sedimentary units characterizing the HH area, such as dissolution of Ca(Mg)-carbonates driven by conversion of H 2 CO 3 in HCO 3 − ion. Thus, calcite is the main Ca-supplier, due to its very high dissolution rate, under far-from-equilibrium conditions, compared to that of Ca-bearing silicates and Al-silicates (e.g. Marini, 2007) . The Ca 2+ (Mg 2+ )-HCO 3 − waters are indeed generally compatible with closed-system equilibration with carbonate minerals. A significant anthropogenic contamination seems to affect the HH waters, since particularly high NO 3 − concentrations were found in the springs close to the injection area. The ␦ 13 C-CO 2 and ␦ 13 C-TDIC indicates a biogenic source for carbon dioxide, which in some cases is the dominant component among the dissolved gases, the latter being commonly characterized atmospheric-derived N 2 , O 2 and Ar. The periodical monitoring (from January 2010 to April 2011) carried out in five spring discharges located in the proximity of the site where CO 2 will be injected have indicated significant variations in terms of absolute concentrations and molar ratios of the main components.
The geochemical and isotopic data of the surface and spring waters in the surroundings of HH are relevant since they can be considered as background values when intra-and post-injection monitoring programs will be carried out. As a consequence, main and minor solutes, including the carbonate equilibria, are to be considered if a CO 2 leakage through the cap rock would be occurring. Nevertheless, the recorded presence of an anthropogenic contribution cannot be neglected when computing the effects deriving by a CO 2 leakage whenever would be interacting with the shallow aquifer. Trace elements, particularly for those water samples where a deep component was likely be recognized (e.g. FH3, LA1 and Rio Ubierna), appear also suitable for a geochemical monitoring. Nevertheless, chemistry of the dissolved gases, the geochemical modeling and TDIC and ␦ 13 C TDIC values were also revealed to be important tracers and should be considered when a geochemical monitoring will be designed. The geochemical conditions currently established would indeed change in an event of CO 2 leaking and be recorded in the shallow groundwater system, modifying the geochemical processes governing the water and dissolved gas composition recognized during this pre-injection phase.
